Abstract. Hyperthyroidism causes impaired glucose tolerance, insulin resistance (IR) and insulin secretion. However, the glucose variability affected by thyroid dysfunction remains unclear. Glucose variability was assessed by continuous glucose monitoring (CGM) in a non-diabetic patient with Graves' disease (GD), to the best of our knowledge, for the first time. A 28-year-old man with GD, who had been taking methimazole for 4 years, was treated with radioiodine on August 17th 2016. Although the patient exhibited normal glycated hemoglobin (HbA1c; 5.3%) and blood glucose values during the oral glucose tolerance test (OGTT; fasting and 120 min blood glucose were 5.38 and 6.39 mmol/l, respectively) before radioiodine therapy, CGM exhibited high 24 h mean glucose and nocturnal hyperglycemia. An increased fasting insulin level, suppressed levels of blood glucagon and high homeostatic model assessment of IR were also observed. The disordered glucose metabolism improved as soon as the patient's thyroid function turned to hypothyroidism 4 months after radioiodine therapy. The glucose intolerance in patients with hyperthyroidism, missed by the OGTT and HbA1c tests, may be more common than anticipated.
Introduction
Impaired glucose tolerance, insulin resistance (IR) and insulin secretion have been observed in hyperthyroidism and hypothyroidism (1) (2) (3) (4) (5) (6) . Known factors responsible for abnormal glucose tolerance include aberrant metabolic rate, endogenous gluconeogenesis and glucose absorption, which are affected by thyroid hormone (7, 8) .
The American Diabetic Association has recently approved the use of glycated hemoglobin (HbA1c) as a screening method, as well as a diagnostic test for diabetes mellitus. However, previous studies identified that HbA1c is not a reliable diagnostic test for diabetes in the presence of hyperthyroidism or hypothyroidism (9, 10) .
The prevalent use of continuous glucose monitoring (CGM) has provided details on glycemic variation that were otherwise not possible with HbA1c or self-monitoring of blood glucose (SMBG). Torimoto et al (11) reported the use of CGM in a patient with Graves' disease (GD) complicated by diabetes mellitus. The authors demonstrated that hyperthyroidism induces elevation of postprandial blood glucose (PBG) and fasting blood glucose (FBG) levels due to the dawn phenomenon, and that glycemic variation is alleviated with improvement in thyroid function. However, in the aforementioned case, the patient was diabetic and exogenous insulin was used, which may have interfered with the blood glucose levels.
Radioiodine therapy is one of the most popular treatment strategies for GD in China. The present study describes a patient with GD, who presented with hyperthyroidism and subsequently exhibited hypothyroidism following radioiodine therapy. CGM was employed to observe the glycemic variation during the hyperthyroidism and hypothyroidism states.
Case report
The patient was a 28-year-old man. He began to experience heart palpitations, tremors and weight loss in 2012, and was diagnosed with GD and treated with methiamazole. The patient persisted with the treatment for 4 years; however, the thyroid hormone levels did not return to normal (TSH 0.35-4.9 mIU/l and FT4 9-19 pmol/l). Therefore, the patient chose radioiodine therapy and stopped the methiamazole treatment on August 2nd 2016. The dose of methiamazole was 15 mg per day when the drug was withdrawn. There was no family history of thyroid disease. He admitted to Nanjing First Hospital on August 10th 2016. The signed informed consent of radioiodine therapy and including in the present study was obtained.
Prior to radioiodine therapy, the patient was 179.0 cm tall and weighed 71 kg [body mass index (BMI), 22.16 kg/m 2 ). The patient's blood pressure was 120/80 mmHg and heart rate was 88 bpm and he exhibited clear consciousness. Diffuse goiter was noted on clinical examination. The respiratory and heart sounds were normal, and the neurological examination was normal.
Prior to radioiodine therapy, laboratory tests exhibited normal hepatic and renal functions, as well as standard normal serum electrolytes. Thyrotrophin receptor antibody was 6.38 IU/l (normal range, <1.75 IU/l). Thyroid uptake rates were 95.7% at 2 h, 97.1% at 6 h and 95.4% at 24 h. The Tc-99m scan indicated an enlarged thyroid and increased uptake rate.
Oral glucose tolerance tests (OGTTs) using 75 g glucose (dissolved in 200 ml water) were performed prior to radioiodine therapy. Serum samples were obtained before, and 30 and 120 min after oral administration of blood glucose, insulin, C-peptide and glucagon determination. The ratio of glucagon/glucose (GLA/GLU) and GLA/insulin (INS) were calculated to represent the inhibition of glucose or insulin on glucagon secretion.
The patient was subjected to 3-day retrospective CGM (Sof-sensor; CGMS-Gold, Medtronic Incorporated, Northridge, LA, USA) in the presence of hyperthyroidism and hypothyroidism. During the CGM period, the patient was instructed to maintain his usual physical activity and received meals consisting of total caloric intake of 25 kcal/kg/day. The ratio of carbohydrate, protein and fats was ~55, 17 and 28%, respectively. The CGM was corrected 4 times per day by SMBG.
The patient was administered 13 m Ciradioactive iodine ( 131 I) on August 17th 2016. Thyroid function tests were repeated every month after radioiodine therapy (Table I) and OGTT was performed again when the thyroid hormone exhibited hypothyroidism on December 23rd 2016, while blood lipid measurements and CGM were also performed. OGTTs demonstrated increased blood insulin and C-peptide levels 30 min after oral glucose administration in the hypothyroidism state compared with in the hyperthyroidism state, while the blood glucose levels, and fasting and 120 min-insulin exhibited little change (Fig. 1A) . The blood glucagon level was suppressed when the patient exhibited hyperthyroidism, and the glucagon secretion was improved following radioiodine therapy (Fig. 1B) . The insulin area under the curve (AUC) was higher in the hyperthyroidism state than in the hypothyroidism state (Fig. 1C) . HbA1c decreased 0.2% following radioiodine therapy. Although homeostatic model assessment of IR (HOMA-IR) before and after radioiodine therapy was higher than normal, the HOMA-IR decreased following radioiodine therapy (Fig. 1C) . Total cholesterol, triglyceride, low-density lipoprotein cholesterol (LDL-c) and high density lipoprotein cholesterol aberrantly increased when the patient entered the hypothyroidism state (Fig. 2) .
CGM was performed to assess glucose variability onAugust 11th 2016 and December 23rd 2016 for 3 days. The patient exhibited a reduction in 24-h mean glucose (MG) following radioiodine therapy. No significant differences in the standard deviation of the MG (SD MG ) and the 24-h mean amplitude of glycemic excursion (MAGE) between the hypothyroidism and hyperthyroidism states (Table II) . Prior to radioiodine therapy, nocturnal hyperglycemia was observed by CGM occurring at ~8:00 p.m. when the patient fell asleep, and the blood glucose was maintained at a high level until before breakfast (7:00 a.m.; Fig. 3A) . Nocturnal blood glucose, which was demonstrated by the AUC for glucose during the night (8:00 p.m.-7:00 a.m.; AUC night ), improved when the patient exhibited hypothyroidism following radioiodine therapy (Table II) . The dawn phenomenon (from 4:00 to 7:00 a.m.) was also observed prior to radioiodine therapy (Fig. 3A) . The relative contributions of FBG and PBG to 24-h hyperglycemia were calculated as described in a previous study (12) . Glucose AUC above a glucose value of 5.6 mmol/l in 24 h was defined as AUC total to represent overall hyperglycemia. The area above FBG (AUC PPG ) was defined as the contribution of PBG to overall hyperglycemia over 24 h. The proportion of the contributions of FBG and PBG to 24 h hyperglycemia was calculated as [(AUC total -AUC PBG )/AUC total ]x100% and (AUC PBG /AUC total ) x100%, respectively. The AUC total decreased and the contributions of FBG to 24 h hyperglycemia decreased from 48.9 to 25.8%, along with a marked decrease in the thyroid hormone level (Fig. 3B) .
The patient exhibited no significant symptoms of hypothyroidism following radioiodine therapy, although his weight had increased to 76.5 kg (BMI, 23.88 kg/m 2 ) by December 23rd 2016. Thereafter, the patient commenced sodium levothyroxine treatment (50 µg/day). The levels of thyroid hormone (Table I ) and blood lipids had returned to normal by January 20th 2017.
Discussion
To the best of our knowledge, this is the first study to describe the use of CGM to evaluate glucose variability in a non-diabetic patient with hyperthyroidism. Though the patient exhibited normal HbA1c and blood glucose levels in OGTT, his CGM data showed abnormity in glucose metabolism. The 24-h MG before radioiodine therapy was higher than the normal range for The patient missed a visit in November. TSH, thyroid stimulating hormone; FT3, free triiodothyronine; FT4, free thyroxine.
the Chinese population (13) and was higher than the 24-h MG (5.77 mmol/l) calculated by HbA1c using the following equation: 24-h MG (mmol/l)=1.198 x HbA1c-0.582 (14) . Following radioiodine therapy, the 24-h MG fell to within the normal range, accompanied by decreased thyroid hormone, while the blood glucose in OGTT and the HbA1c value decreased slightly.
The current study demonstrated that the sensitivity of CGM in patients with hyperthyroidism was higher than that of HbA1c and OGTT. The reasons for low sensitivity of HbA1c in patients with thyroid dysfunction remain unclear. One reason may be the alteration of erythrocytes in circulation caused by thyroid dysfunction (10, 15) . OGTT may not account for nocturnal hyperglycemia, which was observed in the present report. A previous study identified increased secretion of growth hormone in thyrotoxicosis (16) , which may contribute to nocturnal hyperglycemia. Klieverik et al (17) identified that following local application of T3 to thyroid hormone sensitive neurons in the paraventricular nucleus, an increased sympathetic outflow to the liver significantly stimulated hepatic gluconeogenesis. Nocturnal hyperglycemia in hyperthyroid patients may also be caused by sympathetic overactivity. The relative contributions of FBG and PBG to 24-h hyperglycemia were similar in hyperthyroidism, although the contributions of FBG to 24-h hyperglycemia decrease markedly due to the improvement of nocturnal hyperglycemia following radioiodine therapy.
The patient in the present case exhibited high HOMA-IR, which was attributed to a high fasting insulin level. The result was similar to previous studies (18, 19) . In addition, the HOMA-IR level decreased following radioiodine therapy accompanied by decreased fasting and 120-min insulin levels. However, the 30-min insulin level, which partially represented the first phase of insulin secretion, increased significantly.
The present case demonstrated low glucagon levels in thyrotoxicosis. The GLA/GLU and GLA/INS, which indicates the inhibition of glucose and insulin on glucagon, were also lower than after radioiodine therapy. Previous studies demonstrated conflicting data regarding plasma glucagon levels of patients with hyperthyroidism (20, 21) . Hepatic glycogen depletion in hyperthyroidism may stimulate glucagon secretion and aggravate glucose intolerance (22, 23) . However, high blood glucose and insulin levels inhibit glucagon secretion (20) . Furthermore, the metabolic clearance rate of glucagon was significantly increased in hyperthyroidism (21) and may explain the phenomenon in the current report.
In this case MAGE and SD MG before and after radioiodine therapy were within the normal ranges (MAGE, <3.9 mmol/l and SD MG , <1.4 mmol/l) (24) and were not significantly different. However, a previous study demonstrated that MAGE and SD MG were increased in patients with diabetes and hyperthyroidism, and could be improved when the thyroid function normalized (11) . Further case-control studies are recommended for the glucose variability in patients with thyroid dysfunction.
A previous study showed that the early onset of hypothyroidism following radioiodine therapy in GD is particularly common (57%) (25) . Radioiodine therapy causes oxidative stress (26) and aggravates glucose intolerance. In the present case, glucose metabolism was improved following radioiodine therapy, but dyslipidemia was observed when the patient exhibited hypothyroidism. The blood lipid levels returned to normal following thyroid hormone replacement therapy without lipid-lowing therapy. Hence, close monitoring of blood lipids and thyroid function following radioiodine therapy is important.
In conclusion, to the best of our knowledge the current study is the first to identify high 24-h MG and nocturnal hyperglycemia using CGM in a non-diabetic patient with hyperthyroidism. Thus, glucose metabolism disorder in patients with hyperthyroidism, which is not identified by OGTT and HbA1c test, may be more common than previously believed. Table II . Parameters of glycemic variability measured by continuous glucose monitoring. 
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